The assembly and activity of cytochrome c oxidase is dependent on the availability of heme A, one of its essential cofactors. In eukaryotes, two inner mitochondrial membrane proteins, heme O synthase (Cox10) and heme A synthase (Cox15), are required for heme A biosynthesis. In this report, we demonstrate that in Saccharomyces cerevisiae the transcription of COX15 is regulated by Hap1, a transcription factor whose activity is positively controlled by intracellular heme concentration. Conversely, COX10, the physiological partner of COX15, does not share the same regulatory mechanism with COX15. Interestingly, protein quantification identified an 8:1 protein ratio between Cox15 and Cox10. Together, these results suggest that heme A synthase and/or heme O synthase might play a new, unidentified role in addition to heme A biosynthesis.
The biosynthesis of heme A, an obligatory cofactor of cytochrome c oxidase (CcO), 2 requires two nuclear-encoded proteins, heme O synthase (HOS) and heme A synthase (HAS) (1) (2) (3) (4) (5) . Like CcO, both HOS and HAS are integral membrane proteins localized to the inner mitochondrial membrane. First, heme O synthase catalyzes the conversion of heme B to heme O via the farnesylation of a vinyl group at position C-2 (5). Second, heme A synthase converts heme O to heme A by oxidizing the C-8 methyl substituent on heme O to an aldehyde group (1, 2) . Heme A has no known physiological function other than as a cofactor in the terminal heme-copper oxidases.
COX10 and COX15, encoding eukaryotic HOS and HAS, respectively, are functionally conserved from yeast to humans (6, 7) . In yeast, heme A deficiency leads to respiratory incompetence and the degradation of CcO (8) . Mutations in either COX10 or COX15 in humans lead to metabolic diseases associated with isolated CcO deficiency, including Leigh syndrome and hypertrophic cardiomyopathy (9, 10) . Recently, a deficiency in heme A biosynthesis was suggested to be involved in age-related decline of CcO in patients with Alzheimer disease (11) .
Assembly of the multisubunit CcO complex is a complicated and sequential process (12) that requires more than two dozen nuclear-encoded accessory proteins (13) . The crystal structure of bovine heart CcO reveals that the two heme A molecules are deeply buried in the hydrophobic pocket of CcO (14) , implying that the insertion of heme A probably occurs early during the CcO assembly process. The identification of a heme a-Cox1 intermediate and the lack of Cox1-Cox4-Cox5 subassembly complex in COX10-deficient human cells further support the notion that heme A insertion occurs at an early step during CcO assembly (12, 15, 16) . In Rhodobacter sphaeroides, a deletion of Surf1 results in a 50% loss of heme a 3 , indicating that Surf1 might be involved in heme a 3 maturation (17) .
Because the availability of heme A is a key determinant in the assembly of CcO, the reactions catalyzed by HOS and HAS are likely targets for regulation. Because of its high reduction potential (18) , free heme A is potentially even more toxic than free heme B. Therefore, cells presumably must have a controlled mechanism to regulate the synthesis, transport, and insertion of heme A to ensure that there is sufficient but not excess heme A available in cells. Although the presence of heme A is strongly connected to copper availability under most circumstances, neither the transcription, translation, stability, nor the activity of either HOS or HAS is affected by intracellular copper levels (19) .
Our previous data support a model whereby bacterial HOS and HAS interact to form a complex in which heme O is channeled directly from HOS to HAS (20) . Because either the conversion of heme O to heme A or the release of the heme A product appears to be rate-limiting, we hypothesize that in bacteria this HAS-HOS complex might partially regulate the flux of hemes through the heme A biosynthetic pathway. Our hypothesis is consistent with the studies of Barros and Tzagoloff in Saccharomyces cerevisiae suggesting that the activity of HOS is down-regulated either by HAS or the product of HAS (21) . They also hypothesized that the activity of HAS is positively regulated by a downstream CcO assembly intermediate or subunit of CcO, because most cox mutants have significantly decreased levels of heme A (21) .
Despite these recent advances, the detailed regulatory mechanism of heme A biosynthesis is still far from clear. Large scale genetic, molecular, and physiological approaches seem to suggest that O 2 concentrations, fermentable versus non-fermentable carbon sources, rich versus minimal medium, and respiratory competence have no dramatic effect on the transcription of either HOS or HAS (22) (23) (24) (25) . Although these results might initially seem surprising because of the key role that heme A plays in respiration, the fact that no significant signals were detected in the large scale screening is perhaps to be expected given the low mRNA levels of COX10 and COX15. Therefore, individual analysis is required to determine the regulation of these two genes.
In this study, we examine the regulatory mechanism of Cox15 (HAS) and Cox10 (HOS) in S. cerevisiae. We demonstrate that the two physiological partners do not share the same regulatory mechanism, perhaps suggesting an additional function for HAS and/or HOS. Interestingly, the stoichiometry between Cox15 and Cox10 is ϳ8:1, not 1:1 as it has generally been assumed.
EXPERIMENTAL PROCEDURES
Materials-The following yeast strains and plasmids were obtained from other laboratories: MHY100 and MHY200 (Li Zhang, University of Texas at Dallas); mss51⌬ (Antoni Barrientos, University of Miami); YEp354 (Dennis R. Winge, University of Utah); plasmid pBS1539 (Min-Hao Kuo, Michigan State University). All other strains and plasmids were generated in this study, and their preparation is described below. The characteristics of all strains and plasmids used in this study are listed in Table 1 . Chemicals were purchased from Sigma unless otherwise noted.
Strains and Growth Conditions-The Myc-HIS3 cassette was amplified from plasmid pFA6a-13Myc-HIS3MX6 (26) via PCR, and homologous recombination was used to attach the 13Myc epitope tag to the C terminus of genomic Cox15 and Cox10. The primers used for Cox15 were described previously (19) . The primers for Cox10 were 5Ј-GATTGGTATTATCCTG-GTGAAGCAAAGCGACCACAGGAACGATTTCGGATCC-CCGGGTTAATTAA-3Ј and 5Ј-GACTGCCCTTTAAGC-GTTGTCTCTTTATCTCATTGTAACTAATGGAATTCG-AGCTCGTTTAAAC-3Ј.
To knock out HEM1 via homologous recombination, the URA3 marker was amplified from plasmid pBS1539. The primers utilized for this deletion were 5Ј-ATGCAACGCTCCATTTT-TGCGAGGTTCGGTAACTCCTCTGCCGCTGTTTCTGA-AGCTTGATATCGAAT-3Ј and 5Ј-TTACTGCTTGATACC-ACTAGAAACCTCTAGTTGTTTAACGATGGGGTCTCT-ACGACTCACTATAGGGC-3Ј. Homologous recombination was performed with the method of high lithium transformation as previously described (19) .
Yeast strains were cultured at 30°C either in YP medium (1% yeast extract, 2% peptone) or in synthetic defined (SD) medium with any necessary auxotrophic requirements, both supplemented with either 2% dextrose, 2% galactose, or 2% ethanol-3% glycerol as a carbon source. In this report, 2% dextrose was used as the carbon source unless specifically noted otherwise. When appropriate, media was supplemented with various amounts of ␦-aminolevulinic acid (ALA), hemin (chloride salt of ferric heme B), or TEM (0.5% Tween 80, 12 g/ml ergosterol, and 55.6 g/ml methionine) (27) . Hemin was dissolved in a 0.1% NaOH aqueous solution to obtain a 15 mg/ml 1000ϫ stock solution.
Plasmids-We cloned the upstream 1000-bp promoter region of COX10 and COX15 from genomic DNA, and then subcloned the fragments singly into the yeast plasmid YEp354 (28) containing the Escherichia coli lacZ gene without a promoter. The COX10 and COX15 promoter regions were amplified from genomic yeast DNA using the following primers: 5Ј-CCCGGGTCGACCCGACGAATACGGCGGAAC-3Ј and 5Ј-CCCGGGAAGCTTCATCTAAAGAGGAAAAAAGGA-3Ј (COX10); 5Ј-CGCGCCCGGGTTATTATTGTCAATAACT-GGCC-3Ј and 5Ј-CGCGCCCGGGAGCATGACGTACAGT-AGTAGTTAC-3Ј (COX15). The lacZ reporter plasmid containing the COX10 promoter sequence is named pCOX10/ lacZ, and the lacZ reporter plasmid containing COX15 promoter sequence is named pCOX15/lacZ. Plasmid pMCOX15/ lacZ was derived from pCOX15/lacZ by mutating the putative Hap1 binding site on the COX15 promoter region. Mutation of the potential Hap1 binding site was accomplished by site-directed mutagenesis using Expand Long Template PCR system (Roche). The primers were 5Ј-GATCCGCATTTAAAAAGG-CTTACGGCTTTC-3Ј and 5Ј-GAAAGCCGTAAGCCTTTT-TAAATGCGGATC-3Ј. E. coli DH5␣ was used as the host for plasmid construction and amplification, and unmutated template DNA was cleaved with DpnI (NEB). Contains the TAP tag cassette followed by a URA3ϩ selection marker ␤-Galactosidase Activity Assay-Transformants carrying the reporter plasmid (derived from YEp354, which contains a URA3 marker) were selected for URA3 prototrophy. The ␤-galactosidase activity assay was performed using a modified literature procedure (29) . Activity units ϭ (1000 ϫ A 420 )/(volume of culture assayed ϫ time of reaction ϫ A 600 ).
Total RNA Extraction-The RNeasy Mini Kit from Qiagen was used to purify total RNA from yeast strains grown under various conditions. Usually ϳ5 ϫ 10 7 yeast cells were processed via mechanical disruption to obtain ϳ50 g of RNA, and an on-column DNase digestion was performed to remove any residual DNA contamination. The purity of RNA was analyzed via the A 260 /A 280 ratio.
Reverse Transcriptase (RT) Real-Time PCR-cDNA was synthesized from 5 g of total RNA by SuperScript TM III reverse transcriptase and Oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer (Invitrogen) according to the manufacturer's instructions. A 7500 Real Time PCR system and the SYBR GREEN PCR Master Mix from Applied Biosystems were then utilized to quantify the amount of cDNA generated from the previous reverse transcription reaction. ACT1 was used as the endogenous control. Primers were designed by Primer Expression Software (Applied Biosystems). The forward primers were 5Ј-AGAAGGCCGTAATTCCA-AGGA-3Ј (COX15), 5Ј-AAAAATGCCGGATACGTTAT-GAC-3Ј (COX10), and 5Ј-TCGTTCCAATTTACGCTG-GTT-3Ј (ACT1), and the reversed primers were 5Ј-AACG-ACGCCCATCATAACATG-3Ј (COX15), 5Ј-GACACACG-GGCGTTTAGGA-3Ј (COX10), and 5Ј-CGGCCAAATC-GATTCTCAA-3Ј (ACT1). The data were analyzed using the relative standard curve method, using COX15 from a plasmid to generate the standard curve according to the manufacturer's instructions. After normalization to the endogenous control (ACT1), the relative amounts of COX15 mRNA and COX10 mRNA from different strains were compared. The PCR volume for each well was 25 l, containing 1-100 ng of cDNA and 400 M primers. The validation experiment showed that the PCR efficiency of COX10, COX15, and ACT1 are approximately equal. Two independent experiments were performed to quantify the relative amounts of COX15 mRNA and COX10 mRNA in MHY100 and MHY200 strains, and for all experiments, each sample was replicated four times. The S.D. is less than 0.3.
Mitochondria Isolation and Western Analysis-S. cerevisiae cells containing either Cox10 or Cox15 genomically tagged with a C-terminal 13Myc epitope tag were grown for 24 h to exponential phase. Mitochondria were isolated as described previously (19) . Mitochondrial proteins were separated via SDS-PAGE using a 12% gel, transferred to a nitrocellulose membrane, and probed with a mouse monoclonal antibody against the Myc epitope tag (Invitrogen). Mitochondrial porin was also probed as the loading control. The secondary antibody was a goat anti-mouse horseradish peroxidase-conjugated antibody (Pierce). The nitrocellulose membrane was then treated with SuperSignal West Pico Chemiluminescent Substrate (Pierce), and exposed to Amersham Hyperfilm ECL (Amersham Biosciences). The intensities of the bands were quantified with ImageJ software (NIH).
Anaerobic Growths-Yeast cells were grown in SD medium at room temperature (22-25°C) for 24 h with spinning in an anaerobic Coy chamber ([O 2 ] ϭ 1 ppm). Media was supplemented with either TEM (27) or hemin (0.5 g/ml or 15 g/ml) to support growth under the rigorously anaerobic conditions. Analogous experiments were performed in the air for comparison. In all cases, the media contained 3% glucose to ensure glucose repression of oxidative metabolism, thereby allowing direct comparison of COX15 expression under both aerobic and anaerobic conditions. Quantification of COX15 transcription was monitored via ␤-galactosidase activity, and Cox15 protein levels were analyzed by Western blotting as described above.
RESULTS

COX15 Is a Heme B-regulated
Gene-To define the regulatory mechanism of COX15 transcription, we initially utilized an in vivo transcription assay in which the COX15 promoter was fused to a lacZ reporter gene, thus allowing us to screen a number of different growth conditions. Quantification of COX15/ lacZ transcription was monitored via the activity of ␤-galactosidase, which is encoded by the lacZ gene. The plasmid pCOX15/lacZ was transformed into wild-type strain W303a and several yeast mutant strains (hem1⌬, coq9⌬, qcr7⌬, mss51⌬, and cox10⌬). The strains carrying pCOX15/lacZ were grown in SD medium supplemented with either glucose, galactose, or ethanol/glycerol as the carbon source. HEM1 encodes 5-aminolevulinate synthase (ALA synthase), which catalyzes the first step in the heme B biosynthetic pathway (30) . Coq9 is involved in the biosynthesis of coenzyme Q, which competes with heme A biosynthesis for the farnesyl moiety (31, 32) . Qcr7 encodes subunit 7 of the ubiquinol cytochrome c reductase complex, one component of the respiratory chain (33) . Mss51 is a translational activator of the mitochondrial genome-encoded Cox1 and is also required for the elongation of Cox1 (34) . Both mss51⌬ and cox10⌬ are respiratory incompetent due to the deficiency of CcO, while coq9⌬ and qcr7⌬ are respiratory incompetent due to the deficiency of the ubiquinol cytochrome c reductase complex. The results show that neither carbon source, nor the presence/absence of Cox10, Mss51, Qcr7, or Coq9 has any effect on the expression of the COX15/lacZ gene fusion (data not shown); conversely, the data indicate that Hem1 might play some role in COX15 regulation.
To probe more fully the role of Hem1 on COX15 regulation, hem1⌬ cells (DY5113, hem1::URA3) carrying pCOX15/lacZ were grown in SD medium containing various concentrations of ALA (0, 0.04, 0.2, 0.28, 0.4, 0.6, 0.8 mM). In the absence of HEM1, cells can't synthesize heme B and require exogenous heme B, ␦-aminolevulinic acid (ALA), or a source of unsaturated fatty acids, sterols, and methionine (TEM) (27) . The intracellular heme B concentration can be manipulated by supplementing the growth medium with different amounts of ALA. It has been demonstrated that the addition of 0.5 g/ml ALA (4 M) allows for minimal growth, and that the addition of 50 g/ml ALA (0.4 mM) leads to normal growth (35) . In the heme B-depleted condition (neither ALA nor hemin was added to the medium), we supplemented the medium with TEM to obtain viable cells (27) . The effect of ALA concentration on ␤-galacto-sidase activity is shown in Fig. 1A . The ␤-galactosidase activity increased as the ALA concentration increased, demonstrating that the transcription of the COX15/lacZ gene fusion is positively regulated either by heme B or a heme precursor.
To clarify whether heme B or a heme precursor regulates the COX15 gene, hem1⌬ cells carrying pCOX15/lacZ were grown in SD medium supplemented with either 15 g/ml hemin (ferric heme B chloride) or TEM, and the ␤-galactosidase activity of the cells grown under the two different growth conditions was compared. (Adding hemin instead of ALA to the medium bypasses the entire heme B synthetic pathway.) Fig. 1B illustrates the dramatic difference in ␤-galactosidase activity between cells grown in the absence of heme B (TEM supplemented) and cells grown in the presence of heme B, which clearly demonstrates that it is intracellular heme B, not a heme precursor, which positively regulates the transcription of the COX15 gene.
To identify whether this phenomenon is strain-dependent or more general to other yeast strains, the same experiment was performed on another hem1⌬ strain, MHY100 (BWG1-7a background). Consistent with previous data shown in Fig. 1A , the ␤-galactosidase activity increased when the intracellular heme B concentration increased (Fig. 2) , indicating that heme B-dependent transcription of HAS is probably a general phenomenon in S. cerevisiae. As expected, the ␤-galactosidase activity from cells carrying YEp354 alone was close to zero because the lacZ gene lacks a promoter in the plasmid (Fig. 2) .
COX15 Is a Hap1-regulated Gene-To understand how heme B positively regulates the transcription of COX15, we examined the role of Hap1 in COX15 regulation. In the yeast S. cerevisiae, there are two identified heme-regulated transcription factors, Hap1 and the Hap2/3/4/5 complex (36, 37). Hap1 activation is strictly and precisely regulated by heme concentration (36) . However, the connection between the Hap2/3/4/5 complex and heme is not clear. The Hap2/3/4/5 complex activates the genes required for respiratory metabolism when yeast cells are switching from fermentation to respiration (37) . It has been identified that this complex is repressed by glucose, and is de-repressed by galactose and non-fermentable carbon sources. Considering the fact that the transcription of COX15 is regulated by intercellular heme, we hypothesized that the COX15 gene might be transcriptionally regulated by Hap1.
To determine if Hap1 plays a role in the regulation of COX15 transcription, we transformed a strain carrying a deletion in both hem1 and hap1, MHY200 (MHY100, hap1::LEU2), with pCOX15/lacZ. The transformed cells were incubated with various concentrations of ALA (0.04, 0.12, 0.20, 0.28, 0.4 mM) in the growth medium. Because MHY200 does not grow well in the absence of heme, 0.00 mM ALA with TEM media was not utilized in this experiment. As shown in Fig. 2 , the ␤-galactosidase activity was constant in the MHY200 (MHY100, hap1::LEU2) strain regardless of the level of ALA in the growth medium, suggesting that transcription is now independent of intracellular heme levels and that the heme B-dependent tran- scription observed previously must be related to Hap1. Furthermore, compared with MHY100 (hem1⌬), MHY200 cells (hap1⌬ and hem1⌬ double mutants) have lower ␤-galactosidase activity in the presence of ALA. Together, these data indicate that COX15/lacZ is positively regulated by Hap1.
The Consensus Recognition Sequence for Hap1 in the COX15 Promoter Region-While the previous results demonstrated that Hap1 is required for the maximal expression of COX15, they did not ascertain whether Hap1 affects COX15 transcription directly or indirectly through another factor. Further evidence is required to support that Hap1 is the transcription activator of COX15. Previous studies revealed that Hap1 recognizes at least two related DNA sequences, CGGNNNTANCGG and CGCNNNTANCGC (38 -40) . Inspection of the COX15 promoter region identified one potential Hap1-binding sequence CGCATTTATCGC located Ϫ214 to Ϫ203 (relative to the A at the ϩ1 of the ATG start condon) (Fig. 3A) , which is highly homologous to the UAS of the CYC7 promoter (CGCTAT-TATCGC), another well-defined Hap1-regulated gene.
Because not all potential Hap1 binding sites that are homologous to the consensus sites are functional (39), further analysis was required to verify that this is a true Hap1 binding site. To accomplish this, we mutated the potential Hap1 binding site on plasmid pCOX15/lacZ and inferred the relative expression level by quantifying the corresponding ␤-galactosidase activity. Previous studies showed that the two CGC triplets are critical for Hap1 binding (38) . We mutated the potential binding site CGCATTTATCGC to CGCATTTAAAAA (Fig. 3A) via sitedirected mutagenesis. The plasmid containing the mutated promoter was named pMCOX15/lacZ. Both pMCOX15/lacZ and pCOX15/lacZ were transformed into BWG1-7a (wild-type strain). The ␤-galactosidase activity assay revealed that the mutation of the second CGC triplet completely abolished the transcription of lacZ in the MCOX15/lacZ fusion (Fig. 3B) . Together, these results unequivocally establish that the Hap1 binding site is required for the transcription of COX15.
COX10 Is Not a Heme B-regulated Gene-Because
Cox10 and Cox15 work in concert to synthesize heme A, we hypothesized that the expression of Cox10 and Cox15 might be coordinated and regulated by a similar mechanism to form a 1:1 stoichiometry. To probe the regulation of COX10, we transformed pCOX10/lacZ into MHY100 and MHY200 strains grown under various ALA concentrations. The ␤-galactosidase activity assay (Fig. 4) demonstrated that the expression of COX10/lacZ is independent of intracellular heme B levels and Hap1, indicating that COX10 is not utilizing the same regulatory mechanism as COX15. We also searched the promoter region of COX10, and no potential Hap1 binding site was identified. Together, our data indicate that COX10 is regulated neither by intracellular heme B levels nor by Hap1.
Quantification of the COX15 and COX10 mRNA Levels-To confirm the previous results obtained from the ␤-galactosidase activity assay, the endogenous mRNA levels of COX15 and COX10 in MHY100 and MHY200 were quantified by RT realtime PCR. MHY100 and MHY200 cells were grown in medium supplemented with various concentrations of ALA (0.04 -0.8 mM), and the total RNA was extracted from cells harvested at mid-exponential phase. The housekeeping gene ACT1 was utilized as an endogenous control. The relative amounts of ACT1 mRNA, COX15 mRNA, and COX10 mRNA were quantified using the standard curve obtained from a plasmid containing the COX15 gene.
The RT real-time PCR data reveal that neither intracellular heme levels nor the absence of Hap1 has any effect on the COX10 mRNA levels (data not shown), which is consistent with the data acquired from our previous ␤-galactosidase activity assays (Fig. 4) . Therefore, we subsequently used COX10 as the endogenous control to calculate the relative mRNA levels of COX15 by dividing the calculated mRNA level of COX15 by the calculated mRNA level of COX10. The results (Fig. 5) demonstrate that while COX15 mRNA levels increase with increasing intracellular heme levels in the presence of Hap1, the mRNA levels of COX15 are depressed and independent of intracellular heme levels in the absence of Hap1. Both of these results are consistent with the result obtained from the ␤-galactosidase activity assay. It is not currently understood why the lowest ALA concentration (0.04 mM) gave the highest amount of COX15 mRNA in MHY200 cells.
The RT real-time PCR data also reveal an interesting aspect concerning the ratio of COX15 mRNA to COX10 mRNA. The mRNA ratio between COX15 and COX10 in both wild-type (BWG1-7a) and MHY100 cells (grown in the presence of 0.8 mM ALA) is close to 10:1. Although RT real-time PCR is generally applied to compare the expression level of a single gene in different samples, we hypothesize that the ϳ10:1 ratio might shed some light on the relative stoichiometry of Cox15 and Cox10 protein levels, which is generally believed to be close to 1:1.
The Protein Levels of Cox15 and Cox10
Were Quantified-To confirm that the changes in the mRNA levels of COX15 are reflected in the protein levels, we inserted a 13Myc epitope tag to the C terminus of genomic Cox15. The same epitope-tagged Cox15 in a yeast vector was found to complement the cox15⌬ mutant phenotype, 3 suggesting that the addition of the 13Myc epitope tag has no effect on either the activity or the stability of Cox15. We then quantified the Cox15 levels by immunoblotting. Because Cox15 is located in the inner mitochondrial membrane, mitochondria were isolated from hem1⌬ (W303a, hem1::URA3; cox15::cox15-Myc-HIS3) cells before Cox15 protein levels were quantified via Western blot analysis. Porin, an outer mitochondrial membrane protein, was utilized as the loading control. The intensity of each band was quantified with ImageJ.
Cox15 protein levels from hem1⌬ cells grown with low (0.04 mM), medium (0.2 mM), and high (2 mM) concentrations of ALA are compared in Fig. 6A . Cox15 protein levels increase nearly 8-fold in heme-replete cells relative to heme-depleted cells. Interestingly, the RT real-time PCR data reveal that the mRNA level of Cox15 increases only 10% when ALA concentration is increased from 0.05 mM to 0.80 mM. Cox15 is believed to utilize heme B as the cofactor (41), and in addition to activating Hap1, this heme cofactor may also be important in stabilizing Cox15.
We performed the same experiment to quantify the Cox10 levels in hem1⌬ cells grown with low (0.04 mM), medium (0.2 mM), and high (2 mM) concentrations of ALA. The Western blot (Fig. 6B) demonstrates that the protein level of Cox10 is heme B-independent, consistent with the COX10/lacZ and COX10 mRNA data. Significantly, together with Fig. 6A , these data also indicate that Cox10 is not affected by the presence/ absence of its physiological partner, Cox15.
Protein Ratio between Cox15 and Cox10-As previously mentioned, the RT real-time PCR data suggested that COX15 mRNA levels are about 10 times higher than COX10 mRNA levels in wild-type cells. However, because of the controversial evidence regarding the relationship between mRNA and protein levels (42, 43) , whether the mRNA ratio is also reflected in the protein ratio needed to be determined. Western blot analysis was utilized to quantify protein abundance. We compared the protein levels of Cox15 and Cox10 that were genomically fused to a C-terminal Myc epitope tag. Because the molecular weights of Cox15 and Cox10 are similar, we genomically tagged them separately in two wild-type cells, DY5113, COX15::Myc-HIS3 and DY5113, COX10::Myc-HIS3. The two 3 J. Cricco and E. L. Hegg, unpublished data. strains were grown under identical conditions to mid-exponential phase, and the purified mitochondria were analyzed via Western blot analysis. The results (Fig. 7) revealed a protein ratio of 8:1 between Cox15 and Cox 10, indicating a good correlation between the mRNA abundance and the protein abundance.
The Stability of Cox15 or Cox10 Is Not Decreased in the Absence of Cytochrome c Oxidase-It has been reported previously that heme A levels decreased dramatically in cells deficient in CcO (21) . It is therefore reasonable to hypothesize that the stability of Cox15 might be down-regulated by a key subassembly complex of CcO, especially the one containing Cox1, the final heme A acceptor. To ascertain if Cox15 stability is decreased in the absence of CcO, we genomically inserted a 13Myc epitope tag to the C terminus of Cox15 in an mss51⌬ strain (W303a, mss51::HIS3; cox15::cox15-Myc-HIS3). MSS51 is a nuclear gene encoding for a translational activator of Cox1, subunit I of CcO (44) . In the absence of Mss51, the translation of Cox1 is completely blocked, resulting in total loss of CcO activity. We utilized quantitative Western blot analysis to compare the Cox15 levels in the wild-type strain versus the mss51⌬ strain (Fig. 8) . The data demonstrated that there is not a decrease in Cox15 levels in an mss51⌬ strain, suggesting that the stability of Cox15 is not affected by Mss51, Cox1, or a Cox1-associated subassembly complex of CcO.
To identify whether the stability of Cox10 is altered by the presence of its physiological partner Cox15 or by CcO, we determined the Cox10 protein level in cox15 ⌬ and mss51⌬ strains. The comparison between mss51⌬ cells and wild-type cells demonstrates that the protein level of Cox10 is affected neither by Mss51 nor by the presence/absence of CcO. Similarly, the stability of Cox10 is not affected by the absence of its physiological partner Cox15 (data not shown). Thus, HOS appears to be regulated completely independently of HAS.
Regulation of COX15 under Anaerobic Conditions-Because of the central role that heme A plays in the assembly and function of CcO, it is reasonable to ask whether COX15 might also be regulated by O 2 . Clearly O 2 will indirectly affect COX15 transcription because intracellular heme levels in yeast are dependent on O 2 concentrations, and heme obviously regulates COX15 transcription via Hap1. However, might O 2 also play a more direct role in regulating COX15?
To address this question, pCOX15/lacZ was transformed into W303a cells, and the cells were incubated under either aerobic or rigorously anaerobic conditions. The ␤-galactosidase activity (Fig.  9a) revealed that the transcription of lacZ is significantly lower in cells grown under anaerobic conditions (ϩTEM). To ascertain if the decrease in ␤-galactosidase activity is due solely to a decrease in intracellular heme levels or whether O 2 concentrations play a more direct role, cells were grown anaerobically in the presence of hemin. The addition of 15 g/ml of hemin to the growth medium restored ␤-galactosidase activity to aerobic levels. Analysis of the Cox15 protein levels (genomically fused to a C-13Myc epitope tag) revealed that Cox15 protein levels were also significantly depressed under anaerobic conditions, but restored upon the addition of hemin to the growth medium, consistent with the results obtained using the pCOX15/lacZ reporter plasmid. Together these results demonstrate that while O 2 does play a role in COX15 regulation, it does so indirectly through intracellular heme levels.
DISCUSSION
In the yeast S. cerevisiae, CcO is composed of 11 subunits, which are mainly regulated by ATP concentration, oxygen availability, intracellular heme levels, carbon sources, and retrograde regulation (45, 46) . In addition to the structural subunits, more than two dozen accessory proteins are required for CcO assembly and function, and their regulatory mechanism remains largely unknown (47) . Among these accessory proteins are HOS and HAS, which are required for the biosynthesis of the heme A cofactor.
In this study, we demonstrated that the transcription of COX15 (HAS) is positively regulated by heme B via Hap1, a transcription factor which widely regulates many genes involved in respiration and oxygen damage control. Interestingly, the transcription of COX15/lacZ decreased to zero when the HAP1-binding site on the promoter region of COX15 was mutated, while the transcription of COX15/lacZ only decreased to ϳ50% of wild-type levels when HAP1 was deleted. These two seemingly contradictory results suggest that there may be another unidentified transcription factor which is competing for the same binding site with Hap1, and that they work together to strictly regulate COX15. This scenario would explain why we did not observe as dramatic a decrease in the mRNA levels of COX15 in the absence of Hap1.
Conversely, the transcription of COX10 (HOS) is not dependent on the intracellular heme levels or Hap1. Interestingly, it was recently reported that the mRNA level of COX10 increases 2-fold when Hap4 is overexpressed (48) . (Hap4 is the subunit of the transcription factor complex Hap2/3/4/5 that specifically binds to the CCAAT consensus sequence.) However, the physiological consequence of this finding and the specific relationship between Hap4 and COX10 has not yet been fully explored.
Our RT real-time PCR data revealed that the mRNA level of COX10 is approximately ten times less than that of COX15, and protein quantification confirmed that the ratio of the mRNA is reflected in the ratio of the two proteins. Previously it was generally believed that the transcription and translation of HOS and HAS are coordinated to obtain a 1:1 stoichiometry, because these two enzymes work cooperatively to synthesize heme A, and a HAS-HOS complex in bacteria is supported by our previous studies (20) . There are three possible explanations concerning the 8:1 stoichiometry between HAS and HOS protein levels. 1) The first possibility is that the turnover number of HAS is much lower than that of HOS, and therefore more HAS is required to synthesize enough heme A for CcO.
2) The second possibility is that HAS is in excess, and that HOS is limiting in the heme A biosynthetic pathway. This possibility is perhaps supported by the fact that co-overexpression of Mss51 and Cox10 increases both Cox1 and heme A levels in shy1⌬ cells (49) . (If Cox10 is limiting, however, why does the majority of the regulation appear to be at Cox15?) Finally, 3) Cox15 and/or Cox10 may have dual, non-overlapping functions involving both heme A biosynthesis and some other unknown function. Recently, Shy1 and Cox14, two other CcO accessory proteins, were determined to promote the assembly of CcO with cytochrome bc 1 to form a respiratory chain supercomplex (50) . In addition, human Sco1 and Sco2 (51) and Cox11 (15) were reported to have multiple functions in addition to aiding in the maturation of the Cu A and Cu B sites of CcO, respectively. Further studies are underway to ascertain whether HAS and/or HOS have a secondary function.
Quantifying the protein levels of Cox15 and Cox10 in the mss51⌬ strain and the wild-type strain demonstrates that the steady-state levels of Cox15 and Cox10 are not down-regulated by the absence of Cox1, a Cox1-associated subassembly complex, or respiratory deficiency. This is contrary to the structural subunits of CcO, which are generally degraded by mitochondrial proteolysis if the respiratory chain is not competent. Our observation, coupled to the results reported by Barros and Tzagoloff (21) , suggest that the decreased amount of heme A observed in the absence of subunit I could be partially caused by a decrease in the turnover number of the heme A biosynthetic pathway. One logical possibility is that heme A release from HAS is a target for regulation, and that this release is facilitated either by Cox1 or by some subassembly intermediate of CcO. The downstream regulation mechanism prevents uncontrolled release of heme A and blocks the accumulation of unassociated heme A in the mitochondrion, thus avoiding potential deleterious damage to DNA and membranes. A second possibility is that either HAS or a mitochondrial ferredoxin, a potential electron donor for HAS in yeast (1) , can sense the mitochondrial redox potential (which is dependent on the efficiency of the respiratory chain), and that electron flow through HAS (and therefore the activity of HAS) is inhibited by respiratory deficiency. Currently we cannot distinguish between these two different possibilities.
In summary, our results conclusively demonstrate that COX15 is positively regulated by intracellular heme levels via Hap1. In addition, our data suggest that there is an additional, as of yet unidentified, factor that also controls the transcription Cox15 proteins levels were determined for cells grown under both aerobic and anaerobic conditions. Porin (bottom band), an outer mitochondrial membrane protein, was utilized as the loading control. The relative intensity (protein ratio) of Cox15-13Myc to porin was quantified with ImageJ. The protein ratios are calculated by dividing the intensity of the upper band by the intensity of the porin band.
of COX15, sharing with Hap1 an overlapping recognition sequence in the COX15 promoter region. Conversely, the transcription of COX10 is completely independent of both Cox15 and Hap1, and Cox10 is naturally present at much lower levels than Cox15, highlighting the divergent regulation of these two partner enzymes.
